Abstract. This study establishes a method of refining the 2, 2-dimethylolpropionaldehyde and recovering the methanol and propylaldehyde by continuous side-distillation and distillation, the process was simulated by Aspen Plus software. In addition, the effects of the theoretical stage numbers, feed stage, side-stream stage, reflux ratio and side-stream ratio are studied and optimized to obtain the optimal operating conditions. Under the optimal operating conditions, the mass fraction and yield of the 2,2-dimethylolpropionaldehyde in side-stream reach 99.01% and 99.91% respectively. After recycling the mixture from the side-distillation tower top, the total mass fraction of the methanol and propylaldehyde reaches 99.39%, and the yield of them reaches 99.96% and 99.99% respectively, meanwhile the mass fraction of the water reaches 99.99%.
Introduction
2,2-dimethylolpropionaldehyde is an important organic synthesis intermediates [1] . And the dimethylolpropionic acid (DMPA) oxidized from the 2,2-dimethylolpropionaldehyde directly is a kind of the fine chemical products. What's more, DMPA also is the important raw material of the waterborne polyurethane materials. Meanwhile it is used as an additive in the production of the leather chemical material, adhesive and photosensitive resin.
In this study, the 2,2-dimethylolpropionaldehyde is synthesized by the methanol and propylaldehyde and the proportion of them is 2.1:1 (mol). When the temperature is 105°C, the raw material is fed by the reciprocating metering pump with no pulse to the reactor, and the feed rate of them is 0.43:0.2(the catalyst triethylamine is mixed with the methanol). And the product contains a large number of the methanol, water and a little propylaldehyde.
This study introduces a method of refining the 2,2-dimethylolpropionaldehyde and recovering the methanol and propylaldehyde by combining continuous side-distillation with distillation. In addition, the process of the refining and recovering is simulated by the Aspen Plus Simulation software. And different operating conditions affecting the results of the separation are studied to provide the theoretical basis for the further study.
Process Design
This separation simulation needs two towers, one tower for continuous side-distillation and a second tower for the excessive raw material recovery. The mixture is fed to the first tower, where the high boiling components are separated from the tower bottom. And the top distillate is fed to the second tower to be recovered. In addition, the 2,2-dimethylolpropionaldehyde is separated from the side-stream. Aspen model of this separation process is presented in Figure 1 . And the NRTL [2] model is used in this simulation. 
Simulation
The simulation provides a theoretical basis for the continuous side-distillation of the mixture. In order to optimize the operating conditions, five factors are studied through the sensitivity analysis in software, including the theoretical stage number, feed stage, side-stream stage, reflux ratio and side-stream ratio. Figure 2 shows the influence of the number of theoretical stages on the distillate mass fraction and yield [3, 4] . As can be seen, when the feed position at stage 11, side-stream position at stage 15, reflux ratio at 3.0 and side-stream ratio at 0.06, the mass fraction and yield of the 2,2-dimethylolpropionaldehyde rise as the increasing of the number of theoretical stages in side-stream. And from figure 2, is also possible to observe that with a number of stages greater than 24 the mass fraction and yield of the distillate do not change significantly. Considering the influence of the investment and operation cost of the tower by the increasing of the number of theoretical stages, so the feasible number of theoretical stages is 24. Figure 3 shows the results of the feed stage analysis. The number of theoretical stages is kept constant (24). As we can see that the mass fraction and yield of the 2,2-dimethylolpropionaldehyde in side-stream rise when the mixture is fed between 2 and 11. And at feed stage 11 is obtained the greatest distillate compositions and yield. It is also possible to observe that the mass fraction and yield decline when the feed stage is greater than 11. Hence, a feasible feed position is at stage 11. 
The Theoretical Stage Number

Feed Stage
Side-Stream Stage
The side-stream stage effect on the distillate 2,2-dimethylolpropionaldehyde is presented in Figure 4 . The feed stage is maintained at 11, whilst the side-stream varies from 7 to 19. It can be seen from figures that mass fraction and yield of 2,2-dimethylolpropionaldehyde do not change largely at first. However, when side-stream varies from 13 to 15, the distillate mass fraction and yield in side-stream rise obviously. In addition, the highest distillate compositions and yield are achieved at side-stream stage 15, and then this is a feasible side-stream stage. Fig. 4 The influence of the side-stream stage Reflux Ratio Figure 5 presents the influence of the reflux ratio on the distillate mass fraction and yield. And the side-stream stage is kept constant (15). It is observed that the mass fraction and yield of the 2,2-dimethylolpropionaldehyde in side-stream rise as the increasing of the reflux ratio. But when the reflux ratio varies in the range of 1.0 to 3.0, the distillate compositions change largely. At reflux ratio between 3.0 and 5.0 are reached the best results, with a difference them no higher than 0.03. However, the reflux ratio has an important effect on the column energy consumption, because of the greater reflux ratio, the more reboiler and condenser duties [5] . From the above analysis, at a reflux ratio of 3.0 is feasible. 
Side-Stream Ratio
The side-stream ratio effect on the distillate mass fraction and yield is shown in the Figure 6 at the reflux ratio of 3.0. As shown in Figure 6 , the mass fraction of the 2,2-dimethylolpropionaldehyde does not change obviously when the side-stream ratio is between 0.02 and 0.06, and then it decreases when side-stream ratio is greater than 0.06. Nevertheless, the yield rises as the increasing of the side-stream ratio [6] . And it is almost constant when the side-stream ratio varies from 0.06 to 0.09. From these results, at side-stream ratio of 0.06, the mass fraction and yield are both the best, so the feasible side-stream ratio is 0.06. Fig. 6 The influence of the side-stream ratio
Orthogonal Array Experimental Design
In this study, the experiments are based on an orthogonal array experimental design (L 16 matrix) [7, 8] where the following five variable factors are analyzed: the theoretical stage number (factor A), feed stage (factor B), side-stream stage (factor C), reflux ratio (factor D), side-stream ratio (factor E). These variable factors are all identified to have large effects on the distillate mass fraction because the level of importance of each optimal condition is very different. A L 16 matrix, which is an orthogonal array of five factor and four levels, is employed to assign the considered factors and levels as shown in Tab. 1. According to the L 16 matrix, sixteen experiments are carried out and the distillate mass fraction results are shown in Table 2 . This table shows that the range of the results varies from 83.75% to 99.28%. What's more, the mean values of K for different factors at different levels in the range analysis are shown in the Table 3 . And for each factor, a higher K indicates that the level has a larger influence on distillate mass fraction. So the best level for each factor can be determined according to the highest mean value of the experimental conditions. As we can see from the Table 3 , the greatest mass fraction for each level is clearly distinguished, so the mean values of K is the highest at the combinations (A1B3C3D3E1). In addition, the range value indicates the importance of the factors' effect, and the larger R means that the factor has a greater effect on the distillate mass fraction [9] . Therefore, compared with the range values of the different factors, the factors' levels of significance are as follows, the side-stream ratio (15.173) > side-stream stage (2.210) >feed stage (2.035) > the theoretical stage number (1.843) > reflux ratio (1.671). It can be observed that the range R E is the largest, which means that the side-stream ratio has the most important effect on the distillate mass fraction and the distillate mass fraction changes slightly with changes in reflux ratio. Then the distillation tower (T201) is also simulated by the same method using the Aspen Plus.
The Table 4 shows the optimal operating conditions of the distillation tower.
Tab. 4 The optimal operating conditions of distillation tower. 
Conclusions
This study introduces a separation simulation of the mixture including 2,2-dimethylolpropionaldehyde, methanol, propylaldehyde, water and the high boiling organic compounds by continuous side-distillation and distillation using the Aspen Plus software. And the results of the simulation show that the method of separating the mixture is feasible by the NRTL model.
The each parameter is optimized by the sensitivity analysis in the simulation software and the orthogonal array experiment. The mass fraction and yield of the 2,2-dimethylolpropionaldehyde reach 99.01% and 99.91% respectively. And the total mass fraction of the methanol and propylaldehyde reaches 99.39% in the recovery tower, the yield of them reaches 99.96% and 99.99% respectively, meanwhile the mass fraction of the water reaches 99.99%.
